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ABSTRACT
RNA triphosphatases (RTPases) are involved in
the addition of the distinctive cap structure found
at the 5’ ends of eukaryotic mRNAs. Fungi, protozoa
and some DNA viruses possess an RTPase that
belongs to the triphosphate tunnel metalloenzyme
family of enzymes that can also hydrolyze nucleo-
side triphosphates. Previous crystallization studies
revealed that the phosphohydrolase catalytic core is
located in a hydrophilic tunnel composed of antipar-
allel b-strands. However, all past efforts to obtain
structural information on the interaction between
RTPases and their substrates were unsuccessful.
In the present study, we used computational molec-
ular docking to model the binding of a nucleotide
substrate into the yeast RTPase active site. In
order to confirm the docking model and to gain
additional insights into the molecular determinants
involved in substrate recognition, we also evaluated
both the phosphohydrolysis and the inhibitory
potential of an important number of nucleotide ana-
logs. Our study highlights the importance of specific
amino acids for the binding of the sugar, base and
triphosphate moieties of the nucleotide substrate,
and reveals both the structural flexibility and com-
plexity of the active site. These data illustrate the
functional features required for the interaction of
an RTPase with a ligand and pave the way to the
use of nucleotide analogs as potential inhibitors of
RTPases of pathogenic importance.
INTRODUCTION
Eukaryotic mRNAs harbor a distinctive m7GpppN cap
structure at their 50 ends (1). The structure is added shortly
after the initiation of transcription by a series of three
sequential enzymatic reactions (2–4). The ﬁrst step
involves the hydrolysis of the 50 triphosphate end of the
nascent mRNA by an RNA triphosphatase (RTPase) to
form a diphosphate extremity. The addition of GMP to
the diphosphate end is then mediated by an RNA guany-
lyltransferase or capping enzyme. Finally, the GpppN
cap is methylated by an RNA (guanine-N7) methyltrans-
ferase. Since its discovery three decades ago, numerous
studies have demonstrated the importance of the cap
structure for the stability, transport and translation of
mRNAs (2,5).
An important number of enzymes involved in the syn-
thesis of the cap structure have been found in diﬀerent
eukaryotic organisms ranging from fungi, protozoans,
viruses, plants and metazoans (6). Numerous structural
and functional studies have also contributed to elucidate
the basic features of these enzymes (5). Interestingly, sig-
niﬁcant structural and mechanistic diﬀerences are found
in the RTPase component of the capping machinery.
Metazoan and plant RTPases belong to the cysteine
phosphatase family, which also includes numerous protein
tyrosine phosphatases (7,8). However, structural and bio-
chemical studies have shown that despite sharing an
HCxxxxxR(S/T) motif, a phosphoenzyme intermediate
and a core a/b-fold with other cysteine phosphatases,
the precise mechanism of phosphoanhydride cleavage
by these RTPases diﬀers from the one used by protein
phosphatases to hydrolyze phosphomonoesters (7,8).
The most important diﬀerence is the absence of a carbox-
ylate general acid catalyst in metazoan and plant RTPases
(8). Finally, the RTPases of this family are divalent cation
independent and are not able to hydrolyze nucleoside
triphosphates (NTPs).
Fungi, protozoa and some DNA viruses possess an
RTPase that belongs to the triphosphate tunnel family
of metal-dependent phosphohydrolases that can also
hydrolyze NTPs (9–14). These enzymes harbor two gluta-
mate-containing motifs that are essential for catalysis and
that coordinate the essential metal cation (9). The initial
crystallization of the Saccharomyces cerevisiae RTPase
revealed a novel fold in which the catalytic core is located
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b-strands (15). Interestingly, this particular fold appears
to be more widely distributed in the various taxa than
initially expected—being found in archael and bacterial
homologs—thus suggesting a deep evolutionary origin
(16). The analysis of the crystal structure of the yeast
RTPase revealed the presence of a single sulfate ion,
which is coordinated by the side chains of three essential
amino acids (Arg393, Lys456 and Arg458). It was sug-
gested that the side-chain interactions with this sul-
fate ion reﬂect the contacts made by the protein with
the g-phosphate of the RNA or NTP substrates (15).
Numerous mutational studies have also contributed
to the identiﬁcation of a dozen additional residues
that are essential for the enzymatic activity through
their interactions with the divalent metal ion or through
their water-mediated contacts with either the metal ion or
the sulfate ion (9,17–19). More recently, analysis of the
crystal structure of the RTPase component of mimi-
virus—a giant virus of amoeba—also revealed a mini-
mized tunnel fold and an active site strikingly similar to
the yeast enzyme (20). However, all past eﬀorts to obtain
structural information on the interaction between
RTPases and their substrates were unsuccessful. This is
perhaps not surprising since thermodynamic studies have
shown that the binding of the RNA or nucleotide sub-
strates to RTPases results in a destabilization of the
enzymes (21,22). Available crystals of the RTPases of
the triphosphate tunnel metalloenzyme (TTM) family do
not provide any information on the contacts between the
enzyme and the triphosphate, sugar or base moieties of
the phosphohydrolase substrate.
In the present study, we used computational molecular
docking to model the binding of a nucleotide substrate
into the yeast RTPase active site. In order to conﬁrm
the generated model and to gain additional insights into
the molecular determinants involved in substrate recogni-
tion and catalysis, we also evaluated the phosphohydroly-
sis of an important number of nucleotide analogs. Our
study highlights the importance of speciﬁc residues for
the binding of the sugar, base and triphosphate moieties
of the nucleotide substrate, and reveals both the structural
ﬂexibility and complexity of the active site.
MATERIALS AND METHODS
Molecular docking
Docking calculations were carried out using the Docking
Server software and the Dreiding force ﬁeld was used for
energy minimization of guanosine triphosphate (GTP)
using built-in Chemaxon tools in Docking Server (23).
PM6 semi-empirical charges calculated by MOPAC2007
were added to the ligand atoms. Nonpolar hydrogen
atoms were merged and rotatable bonds were deﬁned
(24). Docking calculations were carried out using the coor-
dinated of the S. cerevisiae RTPase (Protein Data Bank
1d8h). Essential hydrogen atoms, Kollman united atom
type charges and solvation parameters were added with
the aid of AutoDock tools (25). Aﬃnity (grid) maps of
20 20 20A ˚ grid points and 0.375A ˚ spacing were
generated using the Autogrid program (25). AutoDock
parameter set- and distance-dependent dielectric functions
were used in the calculation of the van der Waals and the
electrostatic terms, respectively. Docking simulations were
performed using the Lamarckian genetic algorithm (LGA)
and the Solis & Wets local search method (26). Initial
position, orientation and torsions of the ligand molecules
were set randomly. Each docking experiment was derived
from two diﬀerent runs that were set to terminate after a
maximum of 2500 000 energy evaluations. The population
size was set to 150. During the search, a translational step
of 0.2A ˚ , and quaternion and torsion steps of 5A ˚ was
applied.
Cet1 expression and purification
The Cet1 protein was expressed and puriﬁed as described
before (21).
Competition assay
GTPase reactions were performed in reaction mixtures
(20ml) containing 50mM Tris–HCl, pH 7.0, 5mM DTT,
2mM MnCl2,1mM of the S. cerevisiae RTPase and 20mM
[g-
32P]GTP. The reactions were incubated for 15min at
308C. Initially, the reactions were carried out both in the
absence or presence of 100mM of nucleotide analogs
(or tripolyphosphate). The reactions were quenched by
the addition of 5ml of 5M formic acid. Aliquots of the
reactions were spotted on polyethyleneimine–cellulose
thin-layer chromatography plates. The plates were devel-
oped in a solution of 1M formic acid and 0.5M LiCl and
the released inorganic phosphate was quantitated by scan-
ning the plates with a PhosphorImager (Molecular
Dynamics). The average of at least two single independent
experiments is presented.
The IC50 values were evaluated by performing the
standard GTPase assay in the presence of increasing
concentrations of nucleotide analogs (or tripolyphos-
phate) ranging from 0 to 200mM. The Ki values were
determined by performing GTP assays with GTP concen-
trations ranging from 0 to 100mM in the presence of 0, 5,
10 or 20mM of analogs (or tripolyphosphate). The average
of at least two single independent experiments is
presented.
Phosphohydrolase assay
The reaction mixtures (20ml) containing 50mM Tris–HCl,
pH 7.0, 5mM DTT, 2mM MnCl2,1mM of the S. cerevi-
siae RTPase and various concentrations of substrates
(GTP, nucleotide analogs or tripolyphosphate) were incu-
bated for 15min at 308C. The reactions were quenched by
the addition of 400ml of malachite green reagent
(BIOMOL Research Laboratories). The released inor-
ganic phosphate was measured by monitoring the A620.
The values were extrapolated to a standard curve for
phosphate. Background levels of contaminating phos-
phate were subtracted in all cases.
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Molecular docking
Although important structural information is available
from the currently available crystal structures of the
members of the TTM family, the substrates (RNA or
NTP) are conspicuously absent from all these structures
(15,20). We set out to initially use the power of molecular
docking to provide information on the interaction
between the yeast RTPase and a nucleotide substrate.
GTP was selected as the substrate since this purine nucleo-
tide is frequently encountered as the initiating nucleotide
in eukaryotic mRNAs (27). Extensive computational
docking and structure optimizations were then used to
generate a model of the enzyme–GTP complex. More
than 2000000 energy evaluations were performed in
order to provide an accurate description of the enzyme–
substrate interactions. The model underwent 150 rounds
of steepest descent energy minimization and did not con-
tain energetically unfavorable bonds, angles or torsions.
The molecular docking model predicts that the GTP
substrate is located in the middle of the tunnel structure
of the yeast RTPase (Figure 1). The space-ﬁlling analysis
suggests that the tunnel can accommodate the ribose, base
and phosphate moieties of the GTP molecule, thereby
implying that the entire nucleotide—not only the phos-
phates—is entering the tunnel (Figure 1E). The molecular
docking model provides instructive ﬁndings on the inter-
action between speciﬁc residues and the nucleotide sub-
strate. For instance, multiple side chains (summarized in
Table 1) are contacting the a, b and g phosphates of GTP.
In addition to the Arg393, Lys456 and Arg458 residues
that were previously observed in the crystal structure of
the S. cerevisiae RTPase (15), six other amino acids appear
to be involved in the coordination of the phosphates
(Figure 2). Some of these residues such as Arg393,
Lys409, Lys456 and Glu494 are solely contacting one
phosphate, while others (Glu305, Glu433, Arg458,
Asp471 and Glu496) are contacting two adjacent phos-
phates (Figure 2A–D). Interestingly, all of these phos-
phate-contacting residues were previously shown to
be essential for catalysis through mutational studies,
thereby highlighting their importance in catalysis (9,
17–19). Based on the crystal structure of the enzyme
(15), some of these essential residues were previously pro-
posed to be important for catalysis through their ability
to make water-mediated contacts with the phosphate
(Glu433) or the essential divalent metal ion (Glu494).
Similarly, other residues such as Lys409 were thought to
be indirectly involved in catalysis via their interactions
B A
D C
E
Figure 1. Molecular docking model for the binding of GTP to the yeast RNA triphosphatase. (A) Ribbon diagram looking into the tunnel exit of the
enzyme with bound GTP. Numerous amino acids are interacting with the nucleotide. (B) A view looking into the triphosphate tunnel entrance. (C)
Side view of the enzyme following a 908 rotation to the left depicting both the entrance (left) and exit (right) of the tunnel. (D) A three-quarter
exploded view of the tunnel with bound GTP. (E) Space-ﬁlling surface view looking into the tunnel entrance of the enzyme with bound GTP.
3716 Nucleic Acids Research, 2009, Vol. 37,No. 11with other essential side chains (15,17). Although the role
of these amino acids in making important interactions
unrelated to the binding of phosphate cannot be excluded,
the current model clearly reveals that the side chains of
these amino acids are involved in the coordination of the
triphosphate moiety of the nucleotide substrate. The pre-
viously observed ability of the TTM family of RTPases
to hydrolyze tripolyphosphate (28–30), which completely
lacks the sugar and base components of the nucleotide,
is probably a reﬂection of the large number of interac-
tions between the active-site residues and the a-, b-, and
g-phosphates.
Analysis of the docking model between the enzyme and
GTP suggests that only four amino acids are responsible
for the coordination of the hydroxyl groups of the ribose.
These are Glu307 and Lys409, which are contacting the
30OH group, and Arg393 and Arg454, which are coordi-
nating the 20OH group of the sugar (Figure 2A and D;
Table 1). Previous mutational studies have shown that
each of these four residues is essential for catalysis
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C D
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E496
Figure 2. Active site of the yeast RNA triphosphatase. The GTP molecule is coordinated by an elaborate network of interactions. The side chains of
an important number of amino acids are contacting the phosphates, ribose, and guanine base of the substrate. Diﬀerent views of the enzyme with
bound GTP are shown (A-D).
Table 1. Key interactions between the active site residues of the yeast
RNA triphosphatase and GTP as predicted by the molecular docking
model
Amino acid Interaction Distance (A ˚ )
Lys427 O6 of guanine 3.9
Ser429 NH2 of guanine 2.6
Asn431 NH2 of guanine 3.9
Glu307 30OH of ribose 4.4
Arg393 20OH of ribose 2.6
Lys409 30OH of ribose 3.5
Arg454 20OH of ribose 3.9
Glu305 b-PO4 and g-PO4 3.2 and 3.7
Arg393 a-PO4 3.4
Lys409 a-PO4 3.2
Glu433 b-PO4 and g-PO4 3.1 and 3.6
Lys456 a-PO4 3.6
Arg458 a-PO4 and b-PO4 3.2 and 2.9
Asp471 a-PO4 and b-PO4 4.1 and 4.4
Glu494 a-PO4 4.3
Glu496 b-PO4 and g-PO4 3.3 and 3.9
Nucleic Acids Research, 2009,Vol.37, No. 11 3717(9,17–19). The molecular docking model also highlights
key amino acids involved in the binding of the guanine
base. These amino acids are either contacting the exocyclic
2-amino (Ser429 and Asn431) or the 6-oxo (Lys427)
groups of the pyrimidine ring of guanine (Figure 2A
and D). Previous structure–function analyses of the
amino acids that are contacting the guanine base in the
docking model indicate that these three residues are
not essential for catalysis (17,19). Moreover, pi–pi- and
cation–pi-stacking interactions are also occurring between
His411 (nonessential) and the pyrimidine ring of guanine,
while Pro341 is engaged in hydrophobic interactions
with the imidazole ring of guanine (Figure 2A and C).
The nonessentiality of the amino acids contacting the
guanine base is not surprising since the enzyme can eﬃ-
ciently hydrolyze both purine and pyrimidine nucleotides.
Both the coordination geometry and the nature of the
amino acids contacting the purine/pyrimindine rings
are likely modiﬁed according to the precise nature of the
substrate.
Nucleotide analogs to probe the active site
In order to experimentally conﬁrm the docking model and
to gain additional insights on the molecular determinants
involved in the formation of the enzyme–substrate com-
plex, we have used nucleotide analogs to monitor their
eﬀects on the reaction chemistry. The nucleotide analogs
displayed various modiﬁcations on both the ribose and the
guanine base of GTP (Figure 3). We initially monitored
the ability of 17 analogs of GTP to inhibit the activity of
the yeast RTPase by evaluating both the IC50 and Ki
values for each molecule (Table 2). The informative ﬁnd-
ing is that every analog tested had the ability to inhibit
the RTPase reaction, albeit to diﬀerent extents, thus high-
lighting the high structural ﬂexibility of the active site
(Figure 4A). All the nucleotide analogs used in the current
study were competitive inhibitors of the RTPase reaction
indicating that they bind to the active site of the enzyme.
A typical example using the analog A-12 is shown in
Figure 4B–E. In order to gain additional information
on the functional ﬂexibility of the catalytic center, we
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Figure 3. Nucleotide analogs used in the current study. The GTP analogs harbored various modiﬁcations on both the ribose and the guanine
base of GTP.
3718 Nucleic Acids Research, 2009, Vol. 37,No. 11determined the ability of the various nucleotide analogs to
be hydrolyzed by the enzyme. The yeast RTPase catalyzed
the phosphohydrolysis of all nucleotide analogs tested in
the current study with speciﬁc activity ranging from 7% to
138% of GTP (Table 2). Interestingly, some of the analogs
bound strongly to the enzyme active site (as evidenced
from the low IC50 and Ki values) but were not eﬃciently
hydrolyzed. These analogs (A4, A8, A11, A18, A20 and
A24) had IC50 values ranging from 2 to 16mM with low
speciﬁc phosphohydrolase activities varying from 7% to
18% of the GTP substrate (Table 2).
Our study indicates that the active center of the yeast
RTPase is highly ﬂexible and can accommodate nucleotide
substrates displaying a number of unusual chemical mod-
iﬁcations. For instance, analogs harboring modiﬁcations
on the hydroxyl moieties of the ribose (20OH and 30OH)
were hydrolyzed with a high level of eﬃciency by the
enzyme. The addition of a methyl group to either the 20
or 30 hydroxyls (A-13 and A-17) had no signiﬁcant
eﬀect on the phosphohydrolase activity (Table 2). Most
strikingly, A-12 which lacks both ribose hydroxyls
(20,30-dideoxy-GTP) was hydrolyzed very eﬃciently by
the yeast RTPase. This was unexpected since amino
acids contacting the ribose hydroxyls (Glu307, Arg393,
Lys409, Arg454) were previously shown to be essential
for catalysis through mutational studies (9,17–19).
However, we observe that two of these residues (Arg393
and Lys409) are also contacting the a-phosphate of the
bound GTP, while Glu307 coordinates the essential diva-
lent cation. Moreover, Arg454 forms a salt bridge with
Glu492, an interaction that is important for the stabiliza-
tion of the tunnel architecture (15,17). Therefore, we con-
clude that the importance of these amino acids is not
directly related to their ability to bind to the hydroxyls
of the ribose, but rather lies in their other functions
namely through the coordination of the a-phosphate and
metal ion or in the stabilization of the tunnel structure.
Figure 4. Inhibition of the phosphohydrolase activity by nucleotide analogs. (A) The standard GTPase activity was performed in the presence
of 20mM[ g-
32P]GTP. The various nucleotide analogs were added at a single concentration of 100mM and the inhibition of the GTPase activity
was evaluated by monitoring the release of radiolabeled inorganic phosphate, which was separated from the GTP substrate by thin-layer chromato-
graphy. (B) Dose–response inhibition of the GTPase activity by A12 (20,30-dideoxy-GTP). (C and D) Competitive inhibition of the GTPase reaction
by A12. The GTPase activity was evaluated in the absence (ﬁlled square) or presence of ﬁve (open square) or 10mM (open circle) of A12.( E) Dixon
plot of the inhibition performed at each ﬁxed concentration of GTP substrate, ﬁve (ﬁlled square), 10 (ﬁlled triangle), or 50mM (open square).
Table 2. Inhibition of the GTPase activity by nucleotide analogs
Molecule IC50
(mM)
Ki
(mM)
Phosphohydrolase
speciﬁc activity
(Percentage of GTP)
a
Inhibitory
potential
b
GTP 87 16 100 1.0
dGTP 76 14 99 1.1
A-3 83 15 88 1.2
A-4 8.1 1.5 18 60
A-5 150 27 17 3.4
A-6 53 9.6 70 2.4
A-8 10 1.8 10 86
A-9 16 2.9 41 13
A-10 93 17 20 4.7
A-11 2.0 0.4 16 268
A-12 6.1 1.1 138 10
A-13 32 5.9 109 2.5
A-15 49 8.8 111 1.6
A-17 59 11 116 1.3
A-18 8.1 1.5 12 89
A-19 61 11 38 3.8
A-20 2.0 0.4 7.2 597
A-22 113 21 81 0.9
A-24 8.1 1.5 7.2 149
Tripoly-PO4 0.4 0.1 3.6 5965
aThe phosphohydrolase speciﬁc activities were calculated from the
slopes of the titration curves and normalized to the speciﬁc activity
for the hydrolysis of GTP.
bThe inhibitory potential is deﬁned by the following equation:
(Ki GTP/Ki Molecule) (Spec. activityGTP/Spec. activityMolecule)
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chemical modiﬁcations on the guanine base of the GTP
molecule (Figure 3). Although the S. cerevisiae RTPase
is active on both purine and pyrimidine nucleotides
(ATP, CTP and UTP were used as substrates with speciﬁc
activities of 103%, 103% and 109% of the GTP substrate,
respectively), analysis of the GTP analogs helped to illu-
minate the ﬂexibility and complexity of the RTPase active
site. For instance, the addition of a chemical group to the
C8 position of guanine had a negative eﬀect on the phos-
phohydrolysis activity. Analogs harboring such modiﬁca-
tion (A-10 and A-24) were used ineﬃciently by the
enzyme. Although it can be argued that the addition of
a bromo- or iodo- group at this position can potentially
alter the electronic properties of the guanine ring, analysis
of the docking model indicates that steric hindrance is the
most likely explanation for the limited hydrolysis of these
substrates. Analysis of the enzyme–GTP model indicates
that the space is occupied by Lys474 and Glu476 of the
b10 strand that comprises part of the walls of the tunnel.
The presence of halogen substituents with large atomic
radius at the C8 position of the guanine base reveals
that the conformational importance of amino acids is
not directly involved in catalysis. The importance of
these amino acids in forming an optimal nucleotide
binding pocket could not be inferred from previous
mutational analyses. Similarly, the addition of a methyl
group at the N1 position of guanine (A-4, N1-methyl-
GTP) decreases the catalytic activity of the enzyme by
5-fold (Table 2). In our docking model, Lys427 occupies
the space that is ﬁlled by the additional methyl
group, thereby hindering the optimal positioning of the
substrate and the concomitant hydrolysis of the analog
(Figure 2A, C and D).
The 6-oxo group of the guanine ring also appears
important for substrate recognition/alignment and hydro-
lysis. The phosphohydrolysis activity of all the analogs,
which harbored chemical modiﬁcations at this position
(A-5, A-6, A-9, A-19), was lower as compared to the
hydrolysis of GTP (Table 2). We initially suspected that
the inability of these analogs to form hydrogen bonds
through this position was the likely explanation to explain
their low catalytic usage. However, Lys427 is the only
proximal amino acid that can potentially coordinate the
6-oxo group of guanine through hydrogen bonding, and
previous studies have shown that the substitution of this
residue by alanine has no eﬀect on the catalytic activity
(17). Steric hindrance might again be a factor since
analogs with larger substituents (A-5, O6-methyl-GTP;
A-9, 6-thio-GTP and A-19, 6-thio-methyl-GTP) were
less hydrolyzed relative to A-6 (6-chloro-GTP), which har-
bored a smaller substituent at the same position on the
guanine ring. Closer examination of the enzyme–GTP
docking model indicates that three amino acids are in
the vicinity of the 6-oxo group of guanine (Figure 5A).
These are His338 and Thr340 of the b2 strand and Thr489
of the b11 strand, which are just too far removed to
hydrogen bond with the 6-oxo group but might interfere
with the larger substituents displayed by the analogs.
The importance of these amino acids was, therefore,
investigated by generating three distinct enzymatic
mutants. His338, Thr340 and Thr489 were individually
substituted by alanine and the mutant polypeptides were
expressed and puriﬁed in parallel with the wild-type
enzyme (Figure 5B). The GTP substrate was hydrolyzed
eﬃciently by the mutant polypeptides as evidenced from
the speciﬁc activities of 98, 69 and 79% of wild-type activ-
ity for the H338A, T340A and T489A mutant, respectively
(data not shown). The informative ﬁnding is that
the replacement of these lateral side chains by alanine
resulted in an increase in the phosphohydrolysis of ana-
logs harboring larger substituents at the C6 position (A-5,
A-9 and A-19). For instance, the relative hydrolysis of
6-thio-methyl-GTP (A-19) increased from 0.38 for the
wild-type enzyme to 0.60, 0.85 and 0.81 for the H338A,
T340A and T489A mutants, respectively (Figure 5C).
A similar increase in phosphohydrolysis was also observed
for both the A-5 (O6-methyl-GTP) and A-19 (6-thio-
methyl-GTP) analogs when the His338, Thr340 and
Thr489 lateral side chains were individually replaced
by alanine (Figure 5C). However, these substitutions had
no positive eﬀect on the phosphohydrolysis of A-6
(6-chloro-GTP), which harbored a smaller substituent
at the same position on the guanine ring. Overall, the
mutagenesis data are consistent with steric hindrance pre-
venting the phosphohydrolysis of analogs harboring larger
substituents at the C6 position.
One of the most striking features of the GTP–enzyme
complex formation is the importance of the 2-amino
group of guanine. In that regard, A-11, A-18 and A-20
are particularly interesting since they only diﬀer with A-6,
A-9 and A-19 by the lack of the 2-amino moiety
(Figure 3). The absence of the amino group drastically
reduces the hydrolysis of the analogs (compare A-6 with
A-11, A-9 with A-18 and A-19 with A-20) highlighting its
importance for eﬃcient catalysis (Table 2). The impor-
tance of this functional group is also underscored by the
relative inability of the enzyme to hydrolyze A-8, which
only diﬀers with GTP by harboring a 6-oxo group at this
position instead of the amino group (Table 2). The most
likely explanation for the importance of the 2-amino
group is that it can act as hydrogen-bond donor with spe-
ciﬁc amino acids. Analysis of our docking model with
bound GTP reveals that two amino acids (Ser429 and
Asn431) are potentially contacting the 2-amino group of
guanine through hydrogen bonding. We hypothesize that
Ser429 is likely the key amino acid responsible for coor-
dination of the 2-amino group. Previous conservative sub-
stitution analyses have revealed the importance of the
hydroxyl moiety of the lateral side chain of Ser429 for
the activity of the protein (18). Moreover, earlier in vivo
studies have indicated that the substitution of this resi-
due by alanine elicits a cold-sensitive phenotype, thereby
highlighting the importance of this residue in the proper
folding of the enzyme (18). As for Asn431, previous
mutational analyses have shown that it is not critical for
hydrolysis (17), and its distance from the 2-amino group
suggests that it makes a rather weak hydrogen bond with
guanine.
The RTPase component of the capping machinery is an
attractive target for the future development of inhibitors
targeting pathogenic fungi, viruses and protozoans since
3720 Nucleic Acids Research, 2009, Vol. 37,No. 11these RTPases are structurally and mechanistically diﬀer-
ent from their human counterpart. Some of the analogs
identiﬁed in the current study appear as good starting
blocks for the design of more speciﬁc inhibitors. These
analogs bound very tightly to the yeast RTPase active
site but were not eﬃciently hydrolyzed. In that respect,
both A-11 and A-20, which are structurally related
with a substitution of the 6-oxo group and the lack of
the 2-amino group of guanine, possess high inhibitory
potential (Table 2). Although tripolyphosphate, which
was previously shown to inhibit other RTPases of
the TTM family (31), displays even higher inhibitory
potential in vitro, it is unlikely that such a molecule
could eventually display any speciﬁcity toward pathogenic
RTPase in vivo. Because our study revealed the intrinsic
ﬂexibility of the RTPase active site, we believe that addi-
tional chemical modiﬁcations of A-11 and A-20 could
lead to the development of molecules displaying a very
robust and speciﬁc inhibition of RTPases of pathogenic
importance.
CONCLUSIONS
The current study highlights both the complexity and
ﬂexibility of the TTM family active site. It is clear that
the RTPase reaction requires a very precise alignment
between the active-site residues, the substrate and the
metal ion cofactor. Two observations support this conclu-
sion. First, the hydrolysis of RNA triphosphate ends is
activated by magnesium, but not by manganese or
cobalt, whereas the NTPase activity is supported by man-
ganese and cobalt, but not magnesium. Second, unnatural
substrates such as nucleotide analogs or tripolyphosphate
can still be hydrolyzed even if the conformation of the
active site is less than optimal, lacking several important
contacts with the substrate. In summary, our structural
docking model—coupled with the use of an important
number of nucleotide analogs—highlights the importance
of speciﬁc residues for the binding of the nucleotide
substrate, and reveals both the structural ﬂexibility and
complexity of the active site. Our study illustrates the
important structural and functional features for the
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Figure 5. Steric hindrance caused by analogs harboring large substituents at the 6-oxo position of the guanine ring of GTP. (A) The His338, Thr340
and Thr489 residues of the enzyme are in the vicinity of the 6-oxo group of the GTP substrate. (B) Aliquots (2mg) of the puriﬁed wild-type (WT, lane
1), H338A (lane 2), Thr340A (lane 3) and Thr489A (lane 4) mutant proteins were analyzed by electrophoresis through a 12.5% polyacrylamide gel
containing 0.1% SDS and visualized with Coomassie Blue Dye. The positions and sizes (in kDa) of the size markers are indicated on the left.( C)
Normalized phosphohydrolase activities of the WT, H338A, T340A and T489A mutants. The phosphohydrolase-speciﬁc activities were calculated
from the slopes of the titration curves and normalized to the speciﬁc activity for the hydrolysis of GTP by the WT enzyme. GTP, O6-methyl-GTP
(A-5), 6-chloro-GTP (A-6), 6-thio-GTP (A-9) and 6-thio-methyl-GTP (A-19) were used as substrates.
Nucleic Acids Research, 2009,Vol.37, No. 11 3721interaction of an RTPase with a ligand and opens the way
to the use of nucleotide analogs as potential inhibitors
of the RTPases of pathogens.
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